Reflective cracking is a major concern for engineers facing the problem of road maintenance and rehabilitation. The problem appears due to the presence of cracks in the old pavement layers that propagate into the pavement overlay layer when traffic load passes over the cracks and due to the temperature variation. The stress concentration in the overlay just above the existing cracks is responsible for the appearance and crack propagation throughout the overlay. The analysis of the reflective cracking phenomenon is usually made by numerical modeling simulating the presence of cracks in the existing pavement and the stress concentration in the crack tip is assessed to predict either the cracking propagation rate or the expected fatigue life of the overlay. Numerical modeling to study reflective cracking is made by simulating one crack in the existing pavement and the loading is usually applied considering the shear mode of crack opening. Sometimes the simulation considers the mode I of crack opening, mainly when temperature effects are predominant.
REFLECTIVE CRACKING
Overlays are the most commonly used method for rehabilitating cracked pavements. However, they often do not perform as expected because of existing cracks that propagate through the newly constructed overlay within a short period of time [1] . This problem is called "reflective cracking" and is well identified when an overlay shows a crack pattern identical to that existing in the old pavement. When an overlay is placed on a cracked pavement, the cracks in the old pavement surface will propagate through the overlay and will appear in the surface.
Reflective cracking is caused by thermal contraction, by repeated traffic loads, or by a combination of these mechanisms. In addition, the temperature dependent stiffness of the materials and flaws in the overlay (i.e. built-in cracks during construction) as reported by Halim et al [2] can have an important effect.
Existing overlay design methods do not take into account reflective cracking. The only form of cracking typically mechanically modeled is flexural fatigue, which only captures the following phenomena:
 Tensile strain at the bottom of the overlay -especially for thicker overlays when the neutral zone is above the bottom of the new overlay;  Tensile strain at the bottom of the existing asphalt concreteespecially for relatively intact (uncracked) pavements;  Compressive stresses or strains at the top of the unbound materialswhen the failure mechanism is not fatigue cracking. However, to minimize or delay crack propagation, some other experience based techniques are used which include the increase of overlay thickness, modification of asphalt properties or a stress-absorbing interlayer placed between the existing pavement and the overlay layer.
Even so, the existing cracks propagate up to the new pavement surface producing a too early failure of the entire pavement with high costs for the Highways Agencies and for the road users. Thus, the development of an overlay design method, which includes a criterion for reflective cracking, is of great importance for road maintenance.
A design method to take into account the reflective cracking must consider the discontinuity produced by the cracks on the existing pavement. This cracking condition can only be modeled using a special numerical technique such as finite element analysis which is associated with fracture mechanics concepts.
CRACK ACTIVITY
Load associated reflective cracking is governed simultaneously by horizontal opening and/or closing and a vertical shearing at the crack zone. The simulation of this process must consider the simultaneity of these two modes of opening in the analysis of this problem. These movements can be measured by transducers placed on both side of the pavement cracks and one of the most used methods to assess these movements is the Crack Activity Meter (CAM) which is composed of two LVDT (Linear Variable Differential Transformers), one placed vertically and the other placed horizontally allowing the measurement of both differential movements. Figure 1 shows a schematic representation of the CAM placed over the crack. The work developed by Pais [3] reports the evaluation of the crack activity before overlay on16 cracked cross sections of flexible pavements, with 500m long, in the Portuguese road network. 13 transversal cracks and 11 longitudinal cracks were analyzed. The typical crack activity for a longitudinal crack is shown in Figure 2 while Figure 3 It has been demonstrated by Pais [3] that the most important component of the crack activity is the relative vertical displacement. This is because after an overlay the horizontal displacements are reduced to extremely small values due to the strength of the asphalt layers. Because it is difficult to measure stresses in cracked pavements or overlays and it is relatively simple to measure crack activity, a model was developed to evaluate to which extent the same basic 
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Using the 3D finite element model, the vertical crack activity before overlay was calculated to fit in a statistical model and the Equation [1] was obtained.
(1)
where: Act = vertical crack activity before overlay; Tbet = bituminous cracked layer thickness; Tgra = granular layer thickness; Mbet = bituminous cracked layer modulus; Mgra = granular layer modulus; Msub = subgrade modulus; a, b, c, d, e, f = statistical coefficients given by Table 1 . A comparison between the FEM calculated and the statistical estimated vertical crack activity before overlay is shown in Figure 5 where a good correlation can be observed. The validation of this 3D finite element model was made by comparing the crack activity before overlay measured in trial sections and the values given by the statistical model developed above. This comparison is presented in Figure  6 and it can be concluded that the finite element model simulates well a cracked pavement. The small differences observed in this comparison, mainly due to low levels of crack activity, where the finite element model gives larger values than the measured, could possibly be due to the evaluation of pavement layer modulus in cracked zones where the pavement shows a non-constant linear behavior.
However, the design of a pavement overlay needs the knowledge of the state of stress/strain of the pavement after overlay. This state can be evaluated by modeling the cracked pavement with an overlay layer. If the state of stress/strain is considered by the crack activity, the movements after overlay must be assessed. This can be done using a 3D finite element model as shown in Figure 7 . This model has 4 layers, an overlay layer, a bituminous cracked layer, a granular layer and a subgrade layer. 
where: (4) aij and bij coefficients are given by the Table 2 . The crack activity after overlay can be used to evaluate the reflective cracking fatigue life of the overlay by applying those movements to the asphalt mixture simulating the pavement overlay. Sousa et al [4] developed a Reflective Cracking Device (RCD) represented in Figure 8 which fit a cylindrical or rectangular specimen to be subject to vertical and horizontal movements representing the crack activity after overlay. The RCD represents the crack zone of the pavement overlay ( Figure 9 ) that is subjected to the horizontal and vertical movements which leads to the cracking propagation from the old pavement to the new pavement layers. To evaluate reflection cracking through overlays, Sousa et al [5] suggested that, an equivalent stiffness in the crack zone could be used to define the fatigue life for this problem. This equivalent stiffness is defined as the average stiffness in specimen volume above the crack and is defined as follows:
where S = equivalent stiffness in crack zone; F = measured force;  = applied displacement; L = crack length (i.e. specimen length); H = specimen height; w = crack width. 
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The AASHTO TP8-94 standard test defines the fatigue life for flexural beam specimens when the specimen stiffness is reduced to 50% of the initial stiffness. For this study, the fatigue life can be defined as the number of load cycles to reach 50% of the initial equivalent stiffness in crack zone.
A reflective cracking fatigue model can be established using a linear regression between logarithm of fatigue life, log N, and the logarithm of displacement, log , defined as follows:
where N = fatigue life;  = crack activity after overlay; a, b = experimentally determined coefficients.
Using the equivalent stiffness in the crack zone to analyze the reflective cracking, two types of stiffness evolution can be found during the test. The most usual stiffness evolution found in these tests was the logarithmic law ( Figure 10 ) but in some tests an exponential law ( Figure 11 ) was found. The reflective cracking fatigue life as function of crack activity and specimen thickness for longitudinal cracks is shown in Figure 12 where one can conclude that the increase of crack activity decreases the fatigue life and the increase of specimen thickness increases the fatigue life. Those two thicknesses and three crack activities can be used to extrapolate the reflective cracking fatigue life for other thicknesses and crack activities. However, further conditions need to be evaluated to demonstrate the validity of these assumptions. 
STRAIN LEVEL FOR REFLECTIVE CRACKING
The reflective cracking fatigue life of an asphalt mixture can also be evaluated applying a strain level to the specimen as in flexural fatigue tests. Thus, a strain level must be calculated for the pavement after overlay as function of the pavement conditions. This concept was introduced by Sousa et al [5] through the Von Mises strain in the overlay above the existing crack. The Von Mises strain was calculated as expressed in Equation 7 .
where VM  = Von Mises strain;
Using the 3D FEM model presented in Figure 7 , the VM  as the average Von Mises strain in the elements above the crack was calculated for 384 pavements and fitted in a statistical model as indicated in Equation 8 .
where a ij and b ij = coefficients given in Table 3 . 
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The statistical model developed for the Von Mises strain can predict the values calculated using the 3D FEM as can be observed in Figure 14 , where the residual (difference between the strain calculated using the FEM and the predicted by the statistical model) is relatively small for all results. The use of the Von Mises strain in the design of pavement overlays can be done by two different approaches. In the first approach, the RCD can be used by applying a vertical displacement to the specimen which corresponds to the Von Mises strain for the overlay thickness to be studied. In the second approach, the Von Mises strain can be applied in a typical flexural fatigue test in which the tensile strain applied to the beam is given by:
where VM  = Von Mises strain; 
CONSIDERATION OF TEMPERATURE VARIATION
Temperature variations have an important influence in the pavement thermal state and thus in the reflective cracking because it increases the horizontal movements in the material above the existing cracks. Depending on the temperature variation, stresses are induced in the overlay in two different ways, which need to be distinguished: through restrained shrinkage of the overlay and through the existing movements of slabs, due to the thermal shrinking phenomenon.
The time variation of pavement thermal state is controlled by: climatic conditions, thermal diffusivity of the materials, thermal conductivity, specific heat, density and the depth below the surface [6] .
The temperature distribution in a pavement structure can be obtained through field measurements, using temperature-recording equipment (Datalogger associated with thermocouples) or estimated by using mathematical models. The option of using the field measurement is desirable because actual temperature can be reliably measured and used in stress calculation models. However, this method is relatively slow and only provides information about temperatures in the observed period. On the other hand, a temperature theoretical model may suffer slightly due to lack of accuracies but will give a temperature distribution quickly and cheaply, and can be used to predict temperature distributions under a wide range of conditions, including any unusual or extreme conditions.
In the work carried out by Minhoto et al [7] a 3-D Finite-Element Method was used for modelling the thermal behaviour of pavement. The pavement structures traditionally are idealized as a set of horizontal layers of constant thickness, homogeneous, continuous and infinite in the horizontal direction, resting on a subgrade, semi-infinite in the vertical direction. The thermal configuration of the pavement model was defined in basis of those principles and is presented in Figure 15 . This model considers the possibility of thermal data transfer for a mechanical model with the same mesh.
Figure 15. Finite element mesh for thermal model
The adopted mesh was designed also for study of the reflective cracking phenomenon due to the traffic loading and represents an existing pavement, where a crack is simulated through an element with zero-stiffness, and a layer on top of the existing pavement representing an overlay. This mesh was described in other works by Minhoto et al [8] and [9] .
The finite element model used in numerical thermal analysis was performed using a general finite elements analysis source code, ANSYS 7.0. This analysis is a 3-D transient analysis, using a standard finite element discretization, in space. In the design of the thermal finite-element mesh, the compatibility of mesh with other mechanical models was observed.
The designed mesh has 13538 elements. For three-dimensional thermal analysis, 3-D solid element, SOLID70, was used. This element, applicable to a three-dimensional transient thermal analysis, has capability for threedimensional thermal conduction, according with previous explanation. The element has eight nodes with a single degree of freedom, defined as temperature, at each node.
The thermal properties of pavement material, such as thermal conductivity, specific heat and density, for each pavement layer, were defined in the "material properties" of this element, when the model was developed.
The main goal of this study is to show the good accuracy temperature prediction that can be obtained with the model when compared to the field pavement thermal condition.
Firstly, a FEM numerical analysis for the temperature distribution in a pavement of a trial section was performed for the weather conditions (air temperature, solar radiation and wind speed) during one year [7] . The model
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During a year (January 2004 to December 2004), pavement temperatures were measured at a newly pavement section using seven thermocouples installed in the pavement, at seven different depths: at surface, 27.5 mm, 55 mm, 125 mm, 165 mm, 220 mm and 340 mm. The top one was installed just at the pavement surface. The depths for the other six were chosen to give a good representation of the whole asphalt layers. Pavement temperatures were recorded every hour, every day during the year.
Figures 16 present a comparison between the FEM calculated temperature and the in pavement measured temperature is made that allows to conclude that the temperature model used to predict the pavement temperature presents a good accuracy in the prediction of the temperature in the first layers of the pavement where the differences between calculated and observed temperatures are too small. The reflective cracking analysis to consider the temperature variation during the day and during the year must be carried out as represented in the flowchart represented in Figure 18 . In one-year time-period the main results obtained from this simulation were: i) the Von Mises strains; ii) predicted overlay life; iii) overlay damage. These calculations were performed for traffic loading, temperature variations and the combination of both, traffic and temperature. In Figure 18 , the hourly means Von Mises strain evolution along the year is plotted against the time.
The Von Mises strain for each loading case was used to predict the pavement life after overlying. Figure 20 shows the hourly predictive overlay life resulting from traffic and traffic+ΔT loading cases.
The results show that the overlay life obtained from traffic loading is higher than the overlay life obtained from traffic+ΔT loading, mainly in winter season, when low temperatures occur. In summer, the predicted overlay life is inferior to that of winter. Thus, the effect of traffic+ΔT may have a significant influence on the overlay life, which will justify a special attention. 
MULTI-CRACKS MODELING
Cracks in the pavements tend to reflect through an overlay placed on the cracked pavement due to the traffic and temperature effects, depending on the magnitude of the stress concentrations at the tip of the crack, the resistance of the overlay material to crack propagation and the characteristics of the interface between the overlay and the existing pavement. The stress concentration at the crack tip results of the bending, shearing and tearing actions of traffic loads and tensile and bending actions caused by temperature and moisture movements as well as temperature and moisture gradients [10] .
To assess the cracking in pavement overlays, many investigations have been conducted in terms of experimental and numerical modeling. The first studies started by Majidzadeh et al [11] with the application of the fracture mechanics in the analysis of pavement fatigue where the fatigue life of paving mixtures in terms of material constants, geometry, boundary conditions, and the state of stress is predicted. In that work, fatigue is defined in terms of crack initiation, influence on crack growth, and critical stress intensity at the critical failure point. The laboratory tests to support that study utilized notched and unnotched beams supported in an elastic foundation to predict the fracture parameters. The determination of the fracture parameters (i.e the stress intensity factors) were made based on experimental assumptions from fracture tests.
Later on, Van Gurp and Molenaar [12] developed a procedure to predict the reflective cracking in asphalt overlays using linear elastic finite element models, by analyzing the crack propagation form the old cracked asphalt layers through the new overlay. The models used only considered the traffic influence simulating mode I and II of crack opening by applying the load above the crack and adjacent to the crack.
Since then, the numerical modeling has been used in the assessment of reflective cracking by different methods. Paulino et al [13] applied a cohesive zone fracture model to simulate crack initiation and propagation in asphalt concrete using intrinsic constitutive laws to connect traditional finite elements to simulate localized damage and softening behavior. Nesnas and Nunn [14] used a finite element model with multi-cracks to investigate the top-down cracking in cement treated base pavements.
More recently, Wu and Harvey [15] developed a finite element model to evaluate the performance of several asphalt mixes that contain binders with recycled rubber. The mechanistic model was based on non-local continuum damage mechanics and the finite element method and the damage evolution law parameters were identified using laboratory fatigue test data. The finite element model was the first model used in the reflective cracking analysis that was created with multiple cracks, simulating the alligator cracking in the existing pavements before the placement of a pavement overlay.
However, these studies did not investigate the influence of the existence of multiple cracks or the influence of the spacing between cracks in the evaluation of the reflective cracking. This subject takes a significant importance because cracked pavements, mainly the flexible pavements, usually present multiple cracks (alligator cracks) before the pavement overlaying.
Thus, this paper aims to study the influence of the existence of multiple cracks in finite element models on reflective cracking. This influence is assessed by the state of stress and strain in the pavement overlay, just above the existing cracks in the old pavement.
This effort consisted of developing a 2D finite element model which was created, using the plain strain mode, in which 10 cracks were modeled in the cracked layer and spaced 10 cm from each other. The model has the ability to easily change the crack spacing, the elimination of some cracks to create any configuration of cracking with any cracking spacing, from a pavement with only one crack to a pavement up to 10 cracks.
The application of this model resulted in creating different cracking configurations to study the influence of crack spacing on the reflective cracking phenomenon. The study investigated three different overlay configurations: 10, 20 and 30 cm overlay thicknesses over an existing cracked pavement.
Pais et al [16] developed a 2D finite elements model to study the presence of multi-cracks in the reflective cracking behavior. The model has a pavement configuration consisting of an overlay layer, an existing asphalt cracked layer, a granular base layer and a subgrade layer, as schematically represented in Figure  21 .
The model considers the existence of full friction as interface between old and new pavement layers. The existing asphalt layer was modeled with 10 cracks, numbered from 1 to 10, starting from the left side of the model. The distance between cracks was set to 10 cm and the crack width was set to 3 mm. The model has the ability to easily allow the elimination of some cracks to create any configuration of cracking with any cracking spacing, from a pavement with only one crack to a pavement up to 10 cracks. One of the objectives of this work was to evaluate the difference between modeling of multiples cracks as compared to a single crack. This can be observed by the representation of the Von Mises strain presented in Figure 22 and 23, respectively for a pavement with only one crack modeled and the pavement with 10 cm spaced cracks. The analysis of these figures shows the difference between the state of strain in the overlay associated with the presence of either a single or multiple cracks. The difference is also visible in the state of strain above the existing cracks which is responsible for the reflective cracking. The first analysis of this study of carried out for the cases of single cracks. For these cases, the strain level in the pavement with 10 cm thickness overlay is indicated in Figure 24 , where Ex represents the horizontal strain, Ey represents the vertical strain, Exy represents the shear strain and the Evm represents the Von Mises shear strain. The analysis of single crack modeling indicates that the vertical strain is almost constant when cracks below the load (1, 2 and 3) are modeled. Also, for the other cracks, the vertical strain is constant. In terms of horizontal, shear and Von Mises strain, they increase as the cracks moves away from the load but after crack 4 the strain level reduces significantly, except for the horizontal strain. This analysis shows that when only one crack is modeled, that should be the crack 4, which is 10 cm away from the load. Usually, the modeling of a single crack simulating the mode II of crack opening is simulated by crack 3, which is around 20% less them the strain level above crack 4. For pavements with 20 and 30 cm overlay thickness, the conclusion is identical, ie, the maximum state of strain appears not for the crack adjacent to the load but away from the load, as it can be observed in Figure 25 where the Von Mises strain is represented as function of the overlay thickness and crack number. As the overlay thickness increases, the Von Mises strain decreases and the maximum strain appears for crack 6, ie, 30 cm away from the load. Figure 27 ). This appears mainly when a 50 cm crack spacing exists and there is a crack below the load and the other crack is away from the load. If the first crack is not below the load, then the strain level in that crack and in the other cracks is reduced compared to the maximum observed for a single crack #4. However, the maximum value observed for these cases is almost identical to the one observed for a single crack #4 and thus it is enough to consider the existence of only one crack, not adjacent to the load but some centimeters away from the load, depending of the overlay thickness. 
CONCLUSIONS
To evaluate the reflective cracking potential, the crack activity must be measured. This crack activity before overlay can be used to estimate the crack activity after overlay. Both crack activities can be well correlated with old pavement and overlay characteristics.
After overlay, crack activity is influenced by the overlay properties, namely the overlay thickness and material stiffness.
The laboratory study with the reflective cracking device showed that the stiffness behavior during test follows either an exponential law or a logarithmic law.
The reflective cracking fatigue life is influenced mainly by the crack activity after overlay and overlay thickness. The increase of crack activity decreases the fatigue life and the increase of specimen thickness, representing the overlay thickness, increase the fatigue life.
This approach appears to open promising avenues and further research should be made in this area.
The temperature variations in bituminous layers (overlay and cracked layers) which cause a state of tension in the overlay, is particularly important for estimate the overlay life. The effect of accumulation of thermal stresses due the effect of temperature variations and traffic loading will reduce the overlay life.
The presence of multiple cracks can lead to a state of stress/strain higher than those obtained with only one crack. Also the position of the crack modeled in the finite elements analysis have a significant influence in the state of stress/strain obtained. However, the consideration of only one crack is sufficient to obtain significant results in the reflective cracking modeling.
